The invasion of red blood cells (RBCs) by malaria parasites is a complex dynamic process, in which the infected RBCs gradually lose their deformability and their ability to recover their original shape is greatly reduced with the maturation of the parasites. In this work, we developed two types of cell model, one with an included parasite, and the other without an included parasite. The former is a representation of real malaria-infected RBCs, in which the parasite is treated as a rigid body. In the latter, where the parasite is absent, the membrane modulus and viscosity are elevated so as to produce the same features present in the parasite model. In both cases, the cell membrane is modeled as a viscoelastic triangular network connected by wormlike chains. We studied the transient behaviors of stretching deformation and shape relaxation of malaria-infected RBCs based on these two models and found that both models can generate results in agreement with those of previously published studies. With the parasite maturation, the shape deformation becomes smaller and smaller due to increasing cell rigidity, whereas the shape relaxation time becomes longer and longer due to the cell's reduced ability to recover its original shape.
INTRODUCTION
Malaria is a mosquito-borne infection induced by parasites of the genus Plasmodium, of which Plasmodium falciparum causes the majority of fatalities and produces the most severe clinical manifestations (1, 2) . It begins with a bite from an infected female mosquito, transmitting a sporozoite to liver cells through blood vessels. In liver cells, the sporozoite reproduces asexually thousands of merozoites, which rupture the liver cells and return to blood vessels. The merozoites then start to invade healthy red blood cells (hRBCs), where they develop into ring, trophozoite, and schizont forms until more merozoites are produced and the infected red blood cells (iRBCs) burst (3) . This article concentrates on these three forms of iRBC caused by P. falciparum, denoted as rRBCs, tRBCs, and sRBCs, respectively.
In malaria disease, the invasion of hRBCs by parasites is a complex dynamic process, accompanied by progressive changes in the shape, size, and mechanical properties of the cell (2, (4) (5) (6) (7) . An hRBC has a biconcave disklike shape with a major diameter of~7.8 mm (8) . Upon penetration, the parasite develops into a thin ring-shaped disk of diameter 2~3 mm (9) , which is why this is called the ring stage. At this stage, the rRBC shows almost no change in shape and size. At the trophozoite stage, the parasite increases in size to~4 mm and becomes more rounded. The tRBC shows obvious changes in shape, with many bumps and depressions on its surface, and its volume increases by~17% (5, 9, 10) compared to the hRBC. At the schizont stage, the parasite undergoes several rounds of mitosis to produce daughter parasites, comprising up to~50% of the sRBC volume (11) . The sRBC is nearly spherical in shape; its surface area decreases by~18% compared to the hRBC (5, 9) . Mechanically, the iRBC gradually loses its deformability and its ability to recover its original shape greatly decreases with maturation of the parasites (11, 12) . There are two major reasons for this. One is that the parasites secrete proteins on the cell membrane to modify its structure, thus increasing its shear modulus and viscosity (9) . The other is that the presence of the rigidity-producing parasite reduces cell deformability (13) and increases cell viscosity (14) . An additional cause has to do with the cell geometry, characterized by the surface area/volume ratio. In most studies, the cell surface area and volume are usually assumed to be conserved, because the cell area dilation modulus is significantly large and the cell penetrability is not considered, leading to a negligible effect of cell geometry. Thus far, few studies (14) have been done on how malaria parasites reduce the shape recoverability of the cell, but there are a number of works (11, 15, 16) on how the cell loses its deformability due to infestation by malaria parasites. Hosseini and Feng (11) studied the effect of parasite size on the stretching deformation of iRBCs using the smoothed-particle hydrodynamics method, and they pointed out that there is a compensation effect between the elevation of the membrane shear modulus and the size of the parasite in generating the same amount of stretching deformation. This conclusion may explain the difference in membrane shear modulus measured by optical tweezers and micropipette aspirations. In the stretching experiments by optical tweezers (17) (18) (19) , the iRBC is treated as an entire specimen to be stretched diametrically, such that the effect of the parasite is offset by the elevation of the membrane shear modulus. As a result, the loss of deformability is entirely ascribed to the elevation of the membrane shear modulus, and the shear modulus is measured at~5.3, 16, 21.3, and 53.3 mN/m for the hRBC, rRBC, tRBC, and sRBC, respectively. This case can be analyzed by a cell model without an included parasite. In the stretching experiments by micropipette aspiration (13, 20, 21, 22, 23) , the membrane shear modulus is measured to be~6 mN/m for the hRBC and 15 mN/m for the rRBC, tRBC, and sRBC, because the membrane is probed locally and the effect of the parasite is thus considered separately. Hence, this case can only be analyzed by a cell model with an included parasite.
In this work, we developed two cell models, one with and the other without an included parasite. The model with an included parasite was developed directly from a real malaria-infected RBC, where the parasite is modeled as a rigid body. The model without an included parasite is an RBC model in which the membrane modulus and viscosity are elevated to produce the same features present in the parasite model. In both models, the cell membrane is represented by a triangular network formed by nonlinear wormlike chains instead of linear chains to more reasonably model the shape deformation. Moreover, a viscous term is also added into each chain to describe the membrane viscosity. Based on these two models, we investigated the transient behaviors in the stretching deformation and shape relaxation of malaria-infected RBCs. Fig. 1 schematically illustrates the models with an included parasite for hRBC, rRBC, tRBC, and sRBC. An hRBC has a biconcave shape, given by (8)
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where ðx; y; zÞ are the coordinates of the membrane particle; R 0 is the hRBC radius of 3.91 mm; C 0 , C 1 , and C 2 are three coefficients with values of 0.81, 7.83, and À4.39 mm, respectively. Since the rRBC has a shape similar to that of the hRBC, we still use Eq. 1 to model it, with the same radius and coefficients as for the hRBC,. However, a rigid ring disk is introduced to represent the parasite, with diameter and thickness set to 2.0 and 1.0 mm (9), as shown in Fig. 1 b. The tRBC is more or less axisymmetric and slightly thicker than the rRBC in shape, although there are many protuberants and depressions on the cell membrane surface (18) . Therefore, we still use the biconcave shape described by Eq. 1 to represent the tRBC, but the radius, R 0 , is set to 3.80 mm and the three coefficients C 0 , C 1 , and C 2 are 2.10, 7.58, and À5.59 mm to make the cell thicker. The parasite inside the tRBC is also modeled as a biconcave body with the same coefficients, C 0 , C 1 , and C 2 , as the tRBC. However, its radius is set to 2.9 mm so that the parasite occupies~40% of the tRBC volume. These values of tRBC and internal parasite are chosen to match the tRBC data reported by Esposito et al. (5) , as listed in Table 1 . At the schizont stage, because the sRBC exhibits a nearly spherical shape, an oblate spheroid is used to model the sRBC, with radii 3.5 mm Â 3.5 mm Â 1.685 mm, as shown in Fig. 1 d. The parasite is also modeled as an oblate spheroid of the same aspect ratio as the sRBC. Its radii are chosen as 2.78 mm Â 2.78 mm Â 1.339 mm so that the parasite occupies~50% of the sRBC volume. The model without an included parasite adopts the same iRBC configuration above, but without the parasite. The absence of a parasite is compensated for by elevating the membrane shear modulus and viscosity. In the model with an included parasite, the membrane shear modulus is set to be 6.0 mN/m for the hRBC and 15 mN/m for the rRBC, the tRBC, and the sRBC, as listed in Table 1 . The membrane viscosity is 0.6 mNs/m for the hRBC, and 1.6 mNs/m for the rRBC, the tRBC, and the sRBC. In the model without an included parasite, the membrane shear modulus is 6.0, 15, 35, and 40 mN/m and the membrane viscosity is 0.6, 1.6, 15, and 56 mNs/m for the hRBC, the rRBC, the tRBC, and the sRBC, respectively. In fact, the membrane shear modulus and viscosity in this model cannot be regarded as material properties; they are used only to provide an effective and quick means of producing a stretching and relaxation deformation consistent with the data. We may refer to these as the equivalent membrane shear modulus and equivalent membrane viscosity. It is obvious that the model without an included parasite is more easily implemented in numerical simulations than the model with an included parasite, due to the absence of parasite. For example, the Supporting Material alludes to the simulation of iRBCs in simple shear flow based on the model without an included parasite (24) .
Model formulation
The dissipative particle dynamics (DPD) method is used to model the cells, with or without an included parasite. In this FIGURE 1 Schematic illustration of cell models. (a) An hRBC with characteristic biconcave shape. (b) An rRBC with the same shape as the hRBC, with a ring-disk parasite of 3.3% volume fraction at the cell center. (c) A tRBC with biconcave shape thicker than that of the hRBC and a biconcave parasite of 40% volume fraction at the cell center. (d) An sRBC with spheroid shape, and a spheroid parasite of 50% volume fraction at the cell center.
Biophysical Journal 105(5) 1103-1109 method, the whole cell is turned into a system of DPD particles; each particle represents a cluster of molecules on the mesoscopic scale (15) . The particles on the cell membrane are connected as a triangular network of nonlinear wormlike chains, and the parasite is treated as a rigid body by a set of constrained particles. All particles move in accordance with Newton's second law,
where m i and r i are the mass and location of the ith particle; t is the time; P Int , P Mem , and P Par are three sets of internal, membrane, and parasite particles, respectively; and N P is the number of parasite particles. In Eq. 4, only the translational motion of the parasite is tracked, since it is a rigid body. The DPD force, f DPD ij , is used to describe the interactions between any two particles, which include conservative ðf C ij Þ,dissipative ðf D ij Þ, and random ðf R ij Þ forces:
The conservative force is related to the compressibility of fluid, and the dissipative force represents the viscous nature of the fluid. The presence of the random force guarantees a constant system temperature (specific kinetic energy) through a fluctuation-dissipation theorem. The membrane force, f M i , is used to describe the behaviors of the cell membrane, including the elastic part, f Ela i , and the viscous part, f Vis i :
The elastic part is characterized by a total energy potential (25) , consisting of the in-plane energy generated by the stretching deformation, the bending energy by the bending deformation, the area-constraint energy by the surface area change, and the volume-constraint energy by the volume change. The viscous part is modeled by a dissipative and a random part, introduced to determine the membrane viscosity and keep the system temperature constant. The details of all the forces can be found in the Supporting Material.
RESULTS AND DISCUSSION
Stretching deformation
In the experiments performed by Suresh et al. (17) using optical tweezers, two silica beads of diameter 2 mm attached to opposite ends of a healthy or infected RBC are pulled apart diametrically, imposing a constant stretching force. Thus, in the simulation, a constant stretching force is acting uniformly on the membrane particles lying inside a circular domain of diameter 2 mm at opposite ends of the cell. Fig. 2 compares the simulation described in this article with the experimental results of Suresh et al. (17) in terms of the variation in the axial (stretching direction) and transverse (width direction) diameters, which are plotted for the hRBC, rRBC, tRBC, and sRBC under different stretching forces from 0 to 200 pN. Note that the variation in diameter is defined as ðD À D 0 Þ=D 0 , where D and D 0 are current and initial diameters of the RBC. Under a 100 pN force, the axial diameter varies from 80% for the hRBC to 44.5%, 31.1%, and 20.3% for the rRBC, tRBC, and sRBC, respectively. Thus, the elongational deformation decreases by 35.5%, 48.9%, and 59.7% for the rRBC, tRBC and sRBC compared with the hRBC. In other words, the cell gradually loses its deformability with maturation of the parasite, as illustrated by the deformed shapes in Fig. 2 . Past studies (11, 17) have shown that the membrane bending modulus is not significant in the stretching deformation, which is dominated by in-plane elasticity. Here, the bending modulus is set to 2.4 Â 10 À19 J in all simulation cases. For the cases with included parasites, the shear modulus is set to 6.0 mN/m for the hRBC and 15 mN/m for the rRBC, tRBC, and sRBC, as noted in Table 1 . For the cases without included parasites, however, it is set to 6.0, 15, 35, and 40 mN/m for the hRBC, rRBC, tRBC, and sRBC, respectively. In all cases, we find that the numerical results presented here are in good agreement with the experimental data (17) . These values also agree with the estimated values of Hosseini and Feng (11), who used the smoothed-particle hydrodynamics method in their estimates to generate a deformation similar to that produced in experiments. In addition, shear modulus values were found to be 5. In the ring stage, the presence of the parasite does not affect the stretching deformation in any significant way, as shown in Fig. 2 b. As a result, we conclude that the loss of deformability of rRBC is mainly attributed by the increase in shear modulus to 15 mN/m from 6.0 mN/m for the hRBC. In the trophozoite stage, the tRBC with the parasite has an increase in axial diameter similar to that of the tRBC without the parasite but a more gradual decrease in transverse diameter, as plotted in Fig. 2 c. In the schizont stage, the sRBC with the parasite has a more gradual increase in both axial diameter and transverse diameter compared to the sRBC without the parasite, as shown in Fig. 2 d. The large included parasite yields an additional resistance to the squeezing of the cell in the transverse direction, leading to a more gradual decrease in the transverse diameter for both the tRBC and sRBC with included parasites. However, this resistance is much stronger in the schizont stage than in the trophozoite stage due to the increase in size of the parasite, so that the difference in axial diameter between the sRBCs with and without the parasite is more obvious than for the tRBCs with and without the parasite. In addition, the shear modulus of the iRBC with the parasite is smaller than that without the parasite in the trophozoite and schizont stages, implying that the loss of deformability of the tRBC and sRBC also depends on the presence of the large parasite. Compared with the rRBC, the tRBC loses 13.4% elongation deformation under the 100 pN stretching force, whereas the sRBC loses 24.5% elongation deformation. Because they both have the same shear modulus, the additional loss in elongational deformation is due to the size of the parasite: 40% cell volume for the tRBC, and 50% for the sRBC.
Shape relaxation
The ability of the cell to recover its original shape results from the elastic energy storage in the membrane (26) . The rate of shape recovery is mainly determined by the viscous dissipation within the membrane (27) . Therefore, the cell shape relaxation is also related to the membrane elastic and viscous properties, characterized by a shape relaxation time defined as (27) 
where h M and m M are the membrane shear modulus and viscosity. To calculate the shape relaxation time from the simulation data, the exponential model of Hochmuth et al. (27) is adopted:
where D A and D T are the axial and transverse diameters; t is the time variable; t 0 is the time at the instant the force is released; and the subscripts max and N correspond to the release and recovery states, respectively. Fig. 3 plots the axial and transverse diameters of hRBC, rRBC, tRBC, and sRBC subject to 100 pN force during stretching and relaxation, from which three conclusions can be drawn. First, the changes in the axial and transverse diameters become smaller with increasing parasite maturation, indicating that the iRBC gradually loses its deformability. Second, both diameters approach their own steady-state values more gradually with increasing parasite maturation in terms of both stretching and relaxation, showing that the iRBC has an increasing membrane viscosity. Therefore, the iRBC recovers to its original shape more slowly with increasing parasite maturation, as shown by the deformed shapes in Fig. 3 . This has been observed experimentally (14) . Last, the rRBCs with and without an included parasite have about the same axial and transverse diameters during both stretching and relaxation. However, the tRBC and sRBC with included parasites have smaller variations in axial and transverse diameters compared to the tRBC and sRBC without included parasites. This clearly implies that a larger parasite makes the cell more resistant to deformation. Fig. 4 illustrates the best fit, based on Eq. 8, for calculating the shape relaxation time of hRBC, rRBC, tRBC, and sRBC, where f ðD A ; D T Þ is defined as the lefthand side of Eq. 8. With increasing time, f ðD A ; D T Þ gradually approaches zero for all four types of cell, showing that the cell gradually recovers its original shape. Furthermore, f ðD A ; D T Þ approaches zero more slowly with increasing parasite maturation, implying a reduction of cell recoverability. The shape relaxation time is calculated to be 0.111 s for the hRBC, 0.128, 0.368, and 0.5 s for the rRBC, tRBC, and sRBC with parasites, and 0.125, 0.486, and 0.792 s for the rRBC, tRBC, and sRBC without parasites. Hochmuth et al. normalized recovery ratio (defined as the ratio of the shape relaxation time of the hRBC to that of the iRBC) to bẽ 0.63, 0.43, and 0.32 for the rRBC, tRBC, and sRBC infected by P. vivax. For comparison, the normalized recovery ratio in this work is calculated to be 0.876, 0.302, and 0.222 for the rRBC, tRBC, and sRBC with parasites, and 0.888, 0.228, and 0.14 for the same without parasites. A qualitative agreement is thus found on the decreasing trend of the normalized recovery ratio. The shape relaxation time can also be directly estimated from Eq. 7 by the known membrane shear modulus and viscosity. However, this procedure may not be applicable to the cell model with included parasite, because the iRBC's relaxation is hampered by the presence of the parasite. For the hRBC, the shape relaxation time is estimated from Eq. 7 to be 0.1 s, as noted in Table 1 . For the rRBC, tRBC, and sRBC, it is directly calculated to be 0.107, 0.428, and 1.4 s, respectively. Except for the shape relaxation time of the sRBC, those of the others are relatively close to the values obtained by the best fit. The large difference for the sRBC may be attributed to the small mem-brane shear modulus (40 mN/m) used in the cell model without included parasite. Note that Suresh et al. (17) used a membrane shear modulus of 53.3 mN/m for the sRBC to simulate stretching deformation of the cell.
CONCLUSIONS
In this work, we developed two models for malaria-infected cells, one with and the other without an included parasite. The former is a representation of malaria-infected RBCs, whereas the latter is a model with parameters adjusted to fit experimental data-both the membrane modulus and viscosity are elevated to produce a stretching deformation and a shape relaxation time similar to those observed in other studies. Based on these models, we then investigated the stretching deformation and shape relaxation time of malaria-infected RBCs. In the stretching simulation, the axial and transverse diameters were measured and compared with earlier experimental results. Good agreement was observed for all four types of cells, hRBC, rRBC, tRBC, and sRBC. With increasing parasite maturation, the iRBC gradually loses its deformability, and the effects of the included parasite on iRBC deformability can be emulated in the model without included parasites by simply increasing the membrane shear modulus. In the shape relaxation simulation, the shape relaxation time was calculated and observed to be consistent with previously reported values. With parasite maturation, the iRBC gradually reduces its shape recoverability, and the effect of the included parasite on the iRBC's shape recoverability can be compensated in the model without included parasites by simply increasing the membrane viscosity.
SUPPORTING MATERIAL
One figure and Supporting Methods are available at http://www.biophysj. org/biophysj/supplemental/S0006-3495(13)00791-1.
where N and w N are the numbers of total particles and wall particles; i e is a unit random vector.
This velocity ensures that the initial system temperature is T . The particle acceleration is set to be zero. As a result, the DPD force DPD ij f and the viscous part  . Therefore, the elastic part of membrane force is also obtained. Subsequently, we use the modified velocity-Verlet algorithm (7) to solve the equation governing the particle motion, such that the location and velocity of each particle is updated.
Dynamics in shear flow
It has been shown that the cell models with and without included parasites can produce a reasonable stretching deformation and shape relaxation time for healthy and malaria-infected RBCs. In this section, we further study their dynamic behaviours in simple shear flow. Models with included parasites are much more complex to be implemented in numerical simulations of simple shear flow, because the rotation of rigid parasites should be considered. Therefore, numerical works on the malaria-infect RBC often adopted models without included parasites, such as Suresh et al.'s work (8, 9) , and Fedosov et al.'s work (10) . Here, we also use the cell model without included parasite. The dynamical motions of a cell in shear flow are broadly classified into three types (11): tank-treading, swinging, and tumbling. However, Yazdani and Bagchi (12) pointed out that the swinging motion is more complex, and classified it into several types: swinging with tank-treading, breathing at zero inclination, breathing with swinging, and breathing with tumbling. We use this detailed classification to identify our simulation results shown in Fig. 1 . At the same shear rate, hRBC and iRBC exhibit the different dynamical behaviours. The hRBC first inclines and gradually approaches to a steady state, known as the tank-treading motion, consistent with Yazdani et al.'s work (12) . In this motion, the initial biconcave dimples are completely absent; both the deformed shape and its angle of inclination undergo some slight periodic oscillations. The rRBC exhibits a similar behaviour to the hRBC, but the biconcave dimples are not completely absent and the oscillations are obvious. This mode is called swinging with tank-treading motion (12) . The tRBC undergoes a complex shape deformation, where the membrane folds toward the cell interior so as to form two concave cusp-like dimples at the tRBC ends. The folding is periodic, and the tRBC swings with a periodic angular oscillation. This behaviour is called breathing with swinging motion (12) . The sRBC exhibits a similar behaviour to the tRBC, but the membrane folding is not so obvious and the sRBC undergoes a tumbling motion. This is called breathing with tumbling motion (12) . 
